We employ molecular beam epitaxy to stabilize Ba 2 IrO 4 thin films and utilize in situ angleresolved photoemission spectroscopy to investigate the evolution of its electronic structure through the Néel temperature T N . Our measurements indicate that dispersions of the relativistic J eff = 1/2 and 3/2 bands exhibit an unusual dichotomy in their behavior through the Néel transition.
I. INTRODUCTION
5d transition metal oxides have recently attracted great interest due to the interplay between spin-orbit and Coulomb interactions which can give rise to novel many-body quantum states, including the theoretically proposed Weyl semimetal, 1,2 topological Mott insulator, 3, 4 or high-temperature superconductivity upon carrier doping. 5, 6 These studies have been largely motivated by the experiments in a model compound Sr 2 IrO 4 , which suggest that the low-energy electronic states can be suitably represented by their effective total angular momentum J eff , and argue that the Ir 4+ (5d 5 ) t 2g orbitals are split into a fully filled J eff = 3/2 manifold and a singly occupied J eff = 1/2 band. 7, 8 It has been proposed that the modest Coulomb interactions of the 5d electrons can then result in a further splitting of the half-filled J eff = 1/2 band into a fully occupied valence band and an unoccupied conduction band.
At present, there remains considerable debate about whether iridates are better described as Mott insulators, 9 in analogy to the conventional 3d transition metal oxides, or as Slater insulators, [10] [11] [12] where the insulating behavior is tied directly to long-range antiferromagnetic order. For example, recent scanning tunnel spectroscopy on Sr 2 IrO 4 has reported an onset of the temperature dependent spectra below the antiferromagnetic ordering temperature T N , consistent with dynamical mean field theory results, 12 although the in-gap spectral weight is still strongly suppressed even above T N , as also seen in other spectroscopy experiments.
9,10
In order to definitively address these issues, it has become critical to systematically examine other related 5d transition metal oxides, such as Ba 2 IrO 4 . This also opens new avenues to realize proposed exotic phases such as superconductivity which may exist at the intersection between strong spin-orbit interactions and electron correlations.
Ba 2 IrO 4 is an ideal candidate material for addressing many of the outstanding issues in the field of the iridates. Ba 2 IrO 4 possesses a less distorted, simple quasi-two-dimensional crystal structure (I 4/mmm in bulk), as shown in Fig. 1(a) , with Ba replacing Sr, 13 while it shows the same insulating behavior accompanied with the basal plane antiferromagnetic order below the Néel temperature T N = 240 K. 14 The undistorted crystal structure without the in-plane IrO 6 octahedral rotation is expected to result in simplified band dispersions without folded features, enabling us to follow the detailed temperature evolution of the relativistic During growth films were monitored with reflection high-energy electron diffraction (RHEED) while rotating the substrate. After growth, samples were immediately (< 300 seconds) transferred through ultrahigh vacuum to a high-resolution ARPES system. Mea-surements were performed using a VUV5000 helium plasma discharge lamp and a VG Scienta R4000 hemispherical electron spectrometer, with an excitation energy of 21.2 eV (He Iα) and an instrumental energy resolution of 20 meV. The sample was measured at temperatures between 100 and 300 K while maintaining a base pressure typically better than 8 × 10 −11 Torr.
Following ARPES measurements, films were characterized in situ by low-energy electron diffraction (LEED). The phase purity and crystallinity of Ba 2 IrO 4 films were characterized also using ex situ four-circle x-ray diffraction (XRD) with Cu Kα radiation.
The ab-initio density functional theory (DFT) calculations were performed using Wien2k code 18 including spin-orbit coupling and an on-site Coulomb repulsion, with the local density approximation and the Perdew-Burke-Ernzerhof exchange-correlation functional. 19 A tetragonal structure was assumed, with the slightly strained lattice (a = 4.021Å and c = 13.34Å) on the PrScO 3 substrate, and no peaks corresponding to octahedral rotation were observed from bulk diffraction measurements. 
III. FILM CHARACTERIZATION
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In Figure 5 , we compare the near-E F ARPES spectra and the experimental dispersions is likely a folded feature of the corresponding Σ 2 band at (π, π), which is probably due to the √ 2 × √ 2 in-plane surface structural distortion observed in the LEED images (Figs. 3(a) and (b)). However, the effect of this reconstruction on the observed electronic structure appears much smaller than in Sr 2 IrO 4 , in that the intensity of the reflected shadow band around (0, 0) is significantly weaker than at (π, π), whereas in Sr 2 IrO 4 the intensity of these features are comparable. This may also imply that the octahedral rotation angles observed at the surface of the Ba 2 IrO 4 films are substantially smaller than those in Sr 2 IrO 4 .
25,26
Here it is meaningful to quantitatively compare the observed energy bands with the Given that the J eff = 1/2 and 3/2 states are nearly degenerate near E F , we investigated their roles in the Néel transition by tracking their temperature dependence through T N . Figure 7 (a) shows temperature-dependent EDCs at the different momentum positions A-C sketched in Fig. 7(c) . The spectra change reproducibly both in warming and cooling, ruling out the possibility of sample surface degradation. The effects of electrostatic charging and finite energy resolution were also experimentally precluded from affecting the data in any appreciable way. While peaks A (at (π/2, π/2)) and B (at (π, 0)), primarily of J eff = 1/2 character, clearly shift to higher binding energy with decreasing temperature below T N , peak C (at (π, π)), primarily of J eff = 3/2 character, does not show any appreciable change in position. These observed spectral features can be suitably fit with a single Gaussian throughout the entire temperature range. In Fig. 7(b) we show the temperature dependence of the peak position and width quantitatively determined by our fits at the positions A-C. with temperature.
13,25,26
The clear persistence of the gap and insulating behavior above T N obviously indicates that the system does not behave as a simple Slater insulator. Furthermore, the nonmonotonic change of the observed J eff = 1/2 states through T N suggests the possibility that the effective Coulomb interactions may be enhanced below T N accompanied by an ordering of the local moments. For example, in the antiferromagnetic Mott insulator LaTiO 3 , a similar nonmonotonic change of the Mott gap through T N has been reported.
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In Fig. 8(a) we illustrate schematically the temperature evolution of the gapped J eff = 1/2 dispersion observed in Ba 2 IrO 4 . While the charge gap continues to soften when approaching T N , it does not collapse above T N , reflecting the robust correlated insulating state. On the other hand, the magnitude of the gap itself is relatively small and the bandwidth is found to be barely renormalized relative to the predictions from density functional theory, as schematically shown in Fig. 8(c) . This is in stark contrast to conventional 3d transition metal oxide Mott insulators which feature a much larger charge gap and a more strongly renormalized bandwidth ( Fig. 8(d) ), a clear distinction between the parent insulating state of the layered iridates versus the cuprates. When the spin-orbit interaction is sufficiently strong, even a modest Coulomb repulsion is sufficient to push the nearly fully occupied J eff = 3/2 band below E F (blue), while splitting the half-filled J eff = 1/2 band (orange). DFT calculations including the spin-orbit coupling with U of (b) 0 and (c) 2.5 eV. The J eff character is calculated by projecting the eigenstates onto the J eff = 1/2 and 3/2 bases in the atomic limit.
